In most vertebrates, hermaphroditism results in infertility. However, hermaphroditism occurs in 6% of teleosts, which primarily undergo protogyny. Here, to elucidate the transient stage from gonochorism to hermaphroditism, juvenile black porgies as a model animal were fed a diet containing estradiol (E2) for 3 mo, followed by withdrawal of E2 treatment. The E2-terminated fish had ectopically located oocytes in the regenerated testes. Antimu¨llerian hormone (amh) was strongly expressed in the Sertoli cells with type A spermatogonia and follicle cells with vitellogenic oocytes. Amh was robustly expressed in the ectopic oocytes-bordering region of regenerated testes and in testes with nonsynchronous spermatogenesis. This Amh was released by Sertoli cells and aggregated in the area containing type A spermatogonia in the ectopic oocytesbordering region. Our in vitro results show that exogenous recombinant Amh (rAmh) can inhibit type A spermatogonia proliferation in the testis but not oogonia proliferation in the ovary. We suggest that Amh-arrested spermatogonia A may act as a boundary to block intercellular communication (i.e., prevent peptide factors released from female tissue to alter the sexual fate of type A spermatogonia) and further inhibit female growth. These results suggest that black porgy can prevent ectopic female growth in the testis and maintain male function of the digonic gonad (testes and ovary separated by the connective tissue) through Amh action. This function of amh might shed light on why the majority of syngonic fish undergo protogyny (female-to-male sex change).
INTRODUCTION
A hermaphrodite is an organism that has reproductive organs normally associated with both male and female sexes. Unlike most tetrapods, in which hermaphroditic (or intersex) individuals are infertile, functional (fertile) hermaphrodites have been documented in approximately 6% of extant teleost families [1, 2] . The hermaphroditism of most of these fish is sequential and includes three primary forms (protogyny, female-to-male; protandry, male-to-female; and serial bidirectional sex change). No hermaphroditic lineage appears to be evolutionarily ancient in fish [3] . Although the size-advantage hypothesis is widely used to explain the timing of sex changes [4] , the mechanisms for the simultaneous presence of more than one sex that existed during an evolutionary shift from gonochorism to hermaphroditism in fish have not been elucidated. An intriguing question is why protogynous fishes are primarily syngonic (an unlimited form containing a gonad with female [early oogonia to various stages of oocytes] and male [early spermatogonia to sperm] germ cells mixed together) whereas protandrous fishes are primarily dignoic (a limited form with testicular and ovarian tissues separated by connective tissue in the gonad). The syngonic hermaphrodite of protogynous species could maintain the primary female sex for a certain period and then change sex at a later stage of life. Conversely, a male gonad (testes) mixed with a few oocytes (i.e., syngonic hermaphrodites: protandrous species) that naturally changes sex to become a female is not common. In general, estrogen is important for ovarian differentiation and can trigger male-to-female sex change in noneutherian vertebrates [5] . Intersex with ovotestes is often viewed as a signature effect of exposure to endocrine-disrupting compounds; the most common compounds are estrogenic compounds in gonochoristic fish [6] . To our knowledge, however, no example of a complete sex change due to altered sex steroid levels in adult gonochoristic fish has been documented, even in laboratory conditions [7] . Conversely, hermaphroditic fish can naturally undergo a full sex change during their life [8] . Thus, it is important to gain a better understanding of what causes the difference in ovotestes between gonochorism (abnormal ovotestes [i.e., induced by exogenous endocrine disruptors]) and syngonic hermaphroditism (normal ovotestes).
In protogynous wrasse, oocyte-depleted follicle cells alter the sexual fate from female to male soma during the female-tomale sex change [9] . These data demonstrate that sexual differentiation in somatic cells is quite labile and plastic. Furthermore, germ cell-deficient medaka [10] and zebrafish [11] usually develop as phenotypic males. These data indicate that in some fish species, the sexual fate of somatic cells likely is regulated by the presence or absence of germ cells.
Antimüllerian hormone (AMH), also known as Müllerian-inhibitory substance, is the gonadal hormone responsible for the regression of Müllerian ducts in male fetuses during mammalian embryogenesis [12] . AMH induces gonadal morphological masculinization through differentiation of seminiferous cord-like structures in fetal rat ovaries explanted in organ culture [12] . In addition, AMH is also expressed in granulosa cells and plays a key role in follicular recruitment and development in postnatal females [13] . AMH signals through the type II AMH receptor (AMHR2) to regulate the differentiation and growth of target cells [14] . Three different type I AMH receptors (activin-receptor kinase [ALK] ) are thought to mediate AMH's stimulatory (ALK2 and ALK3) and inhibitory (ALK6) response in target cells through binding AMHR2 [15] . Teleost fish lack Müllerian ducts, but homologs of amh and its receptors (amhr2) have been identified in medaka [16, 17] and black porgy [18] . In primary culture of testes fragments in gonochronic species such as Japanese eel [19] , medaka [20] , and zebrafish [21] , recombinant Amh (rAmh) reduces type A spermatogonia proliferation and spermatogenesis. In medaka, the hotei mutation (or amhr2 mutation) not only results in excess germ cells in both sexes [16, 17] but also induces a male-to-female sex change [16] . These results suggest that amh/Amh signaling may regulate the proliferation/differentiation of self-renewing germ cells in gonochronic fishes. To our knowledge, however, no studies regarding amh/Amh function in the sex change of hermaphrodites have been published.
To study the role of amh in the sex change mechanism, we selected protandrous black porgy (Acanthopagrus schlegelii) as our experimental animal. This digonic species has testicular and ovarian tissues separated by connective tissue, and it undergoes a stable sex change: the first two spawning seasons are male, and then half of the individuals change sex in the third spawning season [22] . In addition, in fish younger than 2 yr, a reversible sex change can occur in the estradiol (E2)-induced female, which can switch from an induced female to a dignoic gonad and then to a male following the end of E2 administration [23, 24] . Thus, we used this approach to generate an artificial ovotestis in the testicular tissue [23, 24] to investigate why the male inhibits ectopic female growth and allows the fish to progress to the male phase. Our studies also intend to explain why syngonic hermaphrodites are often protogynous, changing from female to male.
Here, our experimental data indicate that the presence of robust Amh in the oocyte-bordering germ cells may constrain the female ovarian area through the inhibition of type A spermatogonia proliferation. These results suggest that amh/ Amh may prevent female growth in the testes of protandrous black porgies. Conversely, our data also reveal robust amh/ Amh expression in testes with nonsynchronous spermatogenesis. Taken together, our data support the idea that the dominant male regulatory pathway is also used for the suppression of female development. This functional switch might be the mechanism of an evolutionary transition from gonochorism to protogynous hermaphroditism (hermaphroditism that has trended toward protogyny).
MATERIALS AND METHODS

Animals and Experimental Design
The experimental fish, all of which presented as males when younger than 2 yr, were acclimated in seawater to the pond environment at the National Taiwan Ocean University culture station with a natural lighting system. All procedures and investigations were approved by the National Taiwan Ocean University Institutional Animal Care and Use Committee and were performed in accordance with standard guiding principles.
Experiment 1: characteristics of ectopically located oocytes in the E2-induced artificial testes. We created an artificial ovotestis by ectopically locating oocytes in the testicular region as described in our previous studies [24, 25] . Fish (n ¼ 500) were fed a diet containing E2 (6 mg/kg feed) beginning at 2 mo of age (stage 1) and continuing for 3 mo (age, 5 mo, stage 2), after which they were terminated (Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org). Gonad samples were collected monthly (n ¼ 8) for genetic analysis and histology. The stages of the gonads are presented in the Supplemental Figure S1 . An antibody against the oocyte marker factor in germline alpha (Figla) was used to identify the female germ cells. Anti-Dmrt1, a Sertoli cell marker, and anti-Cyp19a1a, a follicle cell marker, were used to identify the sexual type of the cells surrounding the ectopic oocytes.
Experiment 2: effects of the sex steroid E2 on male-related gene expression. To determine the effects of ectopic oocytes and their artificial, estrogen-based female microenvironment on the expression of the male-related genes doublesex and mab-3-related transcription factor 1 (dmrt1), amh, and 11beta-hydroxylase (cyp11b2), fish at gonadal stage 3 (age, 3 mo; n ¼ 8) were injected i.m. with E2 on Days 1 and 5 (2 mg/kg body wt; Sigma) (see Supplemental Fig. S4A ). This dosage was used in our previous study to diminish dmrt1/Dmrt1 expression [26] . Testes were collected 1 day after the second injection, and gene expression analysis was performed.
Experiment 3: effects of Amh on mitotically active germ cell proliferation and gene expression in the gonad. Testicular and ovarian tissues were collected from male fish gonads at stage 3 (age, 7 mo; undergoing active testis development; n ¼ 6 fish and a total of 16 tissue samples for organ culture) and stage 6 (age, 15 mo; undergoing active ovarian development; n ¼ 4 fish and a total of 16 samples for organ culture), respectively. From each fish, the bilateral gonads were further incubated in parallel; one gonad served as control for the other one. The gonad was dissected into small pieces (,1 mm). The incubation conditions were as described previously [26] . We incubated active testicular and active ovarian tissues for 4 days at 258C in the presence or absence of rAmh at a dose equivalent to 8 lg/ml in basal culture medium. The medium was refreshed at Day 3. The basal culture medium consisted of L-15 supplemented with 10 mM HEPES, 10% fetal bovine serum (FBS), 0.4 mg/L of amphotericine, 200 U/ml of penicillin, and 200 lg/ml of streptomycin at pH 7.4. Based on the survival rates and germ cell proliferation after tissue culture, 10% FBS resulted in better conditions compared to the absence of FBS in the medium. Our preliminary test showed that low (2%) FBS could not maintain high proliferative activity of the germ cells, and bromodeoxyuridine (BrdU)-incorporated cells were difficult to trace after 4 days of culture. To study the function of aggregated Amh in the ectopic oocyte-bordering germ cells, BrdU (60 lg/ml, 24-h incubation) was used in the gonad organ culture system to analyze the effects of rAmh on the proliferation of mitotically active germ cells, including type A spermatogonia in testes and oogonia in ovaries. Testicular and ovarian tissues were collected after 24 h of BrdU treatment for immunohistology and molecular gene transcript analysis.
Antiserum and rAmh Production
We used peptide-keyhole limpet hemocyanin (KLH) conjugation to immunize white rabbit for Amh antiserum. The Amh antiserum was produced in white rabbit immunized against a C-terminal peptide fragment of black porgy Amh (CPVAYEALEVVDFNEDLTQVRPFENVVVKECGCR). The Dmrt1 antiserum was produced in guinea pig immunized against a N-terminal peptide fragment of black porgy Dmrt1 (STDNRKGGSFQENGGQ). The antisera were prepared by Yao-Hong Biotechnology, Inc. The specificity of the guinea pigimmunized anti-Dmrt1 antibody was confirmed by double-immunofluorescence (IF) staining with previously created rabbit-immunized anti-Dmrt1 antibody [26] (Supplemental Fig. S2 ). Black porgy rAmh was produced in stably transfected human embryonic kidney 293 (HEK293) cells as described in our previous study [26] . Concentrated medium from rAmh-expressing HEK293 cells was used for experiment 3 and to confirm the specificity of the antiserum by Western blot analysis as described previously [26] . Immunoblotting was performed with acetone powder (spleen tissue) preadsorbed antibodies at 48C overnight. Finally, BCIP/NBT Liquid Substrate System (Sigma) was used to detect protein staining. A specific, single band corresponding to black porgy rAmh, which has a predicted size of 57.6 kDa based on the ExPASy website (URL: http://web.expasy.org/compute_pi/), was detected.
Gonadal Histology, IF Staining, and Immunohistochemical Staining
Immunofluorescence and immunohistochemical (IHC) staining was performed as described previously [25, 26] . Fish gonads were fixed with 4% paraformaldehyde in PBS. The gonads (section thickness, 5 lm) were treated with HistoVT One (Nacalai Tesque) to expose the antigens of the target protein.
For IHC staining, the section was rehydrated in PBS and incubated with 3% H 2 O 2 in PBS. The section was then incubated with 5% nonfat milk powder for 30 min and anti-Cyp19a1a (aromatase gonad form; 1:1500 dilution; own antibody), anti-Vasa (1:1000 dilution; own antibody), anti-Dmrt1 (1:1500 dilution; own antibody), anti-Figla (1:400 dilution; own antibody), antiproliferating cell nuclear antigen (Pcna; 1:100 dilution; sc-7907; Santa Cruz Biotechnology, Inc.), anti-Amh (1:1000 dilution; own antibody), and anti-BrdU (1:1000 dilution; MAB4072; Merck Millipore, Inc.) overnight at 48C. The specificity of anti-Cyp19a1a [25] , anti-Vasa [26] , anti-Dmrt1 [26] , anti-Fig1a [24] , and anti-Pcna [27] was evaluated in our previous studies. The host species used for the immunized antibodies in our previous studies is listed in 
Cell Proliferation Assay
Incorporation of BrdU into spermatogonia and oogonia was used to analyze proliferation. The effects of rAmh on spermatogenesis and oogenesis were analyzed using a previously described organ culture system [26] . Testes and ovaries were collected from male fish at stage 2 (age, 7 mo; with testis development) and stage 6 (age, 15 mo; with ovary development), respectively, and the tissue was incubated with BrdU (60 lg/ml) in the absence or presence of rAmh. Anti-BrdU (1:1000 dilution; MAB4072; Merck Millipore, Inc.) was used for IHC to determine the BrdU-labeling index of spermatogonia, whereas testis morphology and BrdU incorporation in more advanced stages of germ cell development were examined. The spermatogonia were identified based on the morphology and the size. We only counted cells with a diameter greater than 10 lm as spermatogonia (Supplemental Fig.  S3 ). To further confirm our IHC results, anti-Vasa (germ cell marker; 1:1000 dilution) was also used for IF to determine the proliferative activity of spermatogonia and oogonia. Cellular proliferation was calculated as BrdUpositive early germ cells/total early germ cells. IHC and IF staining was performed with triplicate sections for each tissue (n ¼ 8 tissue samples in each group).
RNA Analysis
The first-strand cDNA from gonads was used for quantitative real-time PCR (qPCR) analyses. Specific primers for dmrt1 (GenBank accession no. AY323953), amh (GenBank accession no. GU256046), cyp11b2 (GenBank accession no. EF423618), figla (GenBank accession no. EU496494), foxl2 (forkhead box l2; GenBank accession no. EU496493), star (steroidogenic acute regulatory protein; GenBank accession no. AY870248), cyp11a1 (P450 side-chain cleavage enzyme; GenBank accession no. AY870246), hsd3b1 (3beta-hydroxysteroid dehydrogenase; GenBank accession no. AY870247), and cyp19a1a (P450 aromatase gonad form; GenBank accession no. AY273211) were previously described [15, [23] [24] [25] [26] [27] . Primers used in qPCR are listed in Table 2 . Gene quantification of standards, samples, and controls was conducted simultaneously by qPCR (GeneAmp 7500 Sequence Detection System; Applied Biosystems) with SYBR Green Master Mix (Applied Biosystems). PCR specificity was confirmed by a single melting curve (at the same temperature) in unknown samples and standards. The respective standard curve of log (transcript concentrations) versus CT (the calculated fractional cycle number at which the PCRfluorescence product is detectable above a threshold) was obtained. The values detected from different amounts of plasmid DNA containing a fragment of the target gene (10-fold series dilution) of the representative samples paralleled the respective standard curve. The correlation of the standard curve for the genes analyses were at least À0.999. The qPCR assay was performed in duplicate (n ¼ 8 fish/group). All samples were normalized to glyceraldehyde-3-phosphate dehydrogenase (gapdh; GenBank accession no. DQ399798), and the highest value (control value) of each gene was defined as one. The gapdh transcripts were not significantly changed between treatments (data not shown).
Data Analysis
All data are expressed as the mean 6 SEM. Significant differences between two groups were analyzed by Student t-test (P , 0.05).
RESULTS
Anti-Amh Antibody Specificity, Amh Production, and Amh Secretion
To produce an Amh-specific antibody in rabbits, 34 amino acids from the black porgy Amh C-terminal peptide were conjugated to KLH. The specificity of this antibody was confirmed by Western blot analysis using rAmh and ovotestes extracts. The rAmh produced in HEK293 cells was recognized by the anti-Amh antibody as a 58-kDa precursor in cells lysates (Fig. 1A) . Immunoblots of testes protein extracts and concentrated culture medium revealed that two Amh proteins of 62 and 37 kDa were detected with the anti-Amh antibody (Fig. 1B) . Similar to zebrafish Amh [21] , this 37-kDa fragment was present in testes and was not observed as the expected cysteine-bridged dimer typically observed in the Tgfb class of proteins. Reduced immunoblot signals from two Amh proteins were observed when the antibody was absorbed with rAmh (data not shown). Furthermore, only an Amh protein of 37 kDa was observed in the concentrated testes culture medium (Fig.  1B) , suggesting that this 37-kDa fragment was a secreted form of Amh.
Amh Is Localized in the Somatic Cells Surrounding the Spermatogonia and Vitellogenic Oocytes
Using IF and IHC, we examined the cellular localization of Amh using a specific anti-Amh antibody. We used an anti- Dmrt1 antibody, a Sertoli cell marker in black porgy [26] , to confirm the localization of Amh in Sertoli cells by IF staining (Fig. 1C) . Furthermore, we used an anti-Vasa antibody, a germ cell marker in black porgy [26] , to confirm the localization of Amh in the spermatogonia-bordering area by IF staining (Fig.  1D ). IHC staining confirmed that Amh is located in the preSertoli cells of the undifferentiated gonad (stage 1) (Fig. 1 , E and F) and in the Sertoli cells of the differentiated testis (stage 2) (Fig. 1, G and H) . IF staining also showed that Amh signals were high in the spermatogonia-bordering area but were low or absent in the spermatocyte-bordering area (stage 3) (Fig. 1I) . IHC staining also confirmed that Amh signals were high in the testis and low or absent in the ovary at stage 3 ( Fig. 1J) . Furthermore, reduced IHC staining signals were observed when the antibody was preabsorbed with Amh peptide (1 lg/ ml) (Fig. 1K ).
In the ovary, Amh was observed in the follicle cells of the oocytes. Amh displayed a high expression in these cells when surrounded with late vitellogenic oocytes, but Amh expression was low or absent when the cells were surrounded with primary oocytes (stage 8) (Fig. 2, L and M) .
Proliferation of Germ Cells Is Correlated to Amh Expression in the Regenerated Testes
A model for gonadal development in the different reproductive cycles is shown in Supplemental Figure S1 and in Figure 2A . Histological data revealed that the fish have a digonic gonad (Figs. 2, B-E, and 3, A-C). The testis was a dominant part of the digonic gonad during the spawning season (January to March) in the first two reproductive cycles (stage 5) (Fig. 2B) . After the spawning season, the testis regressed and the ovary grew during the postspawning season (stage 6, April to May) (Fig. 2C) . The ovary was a dominant part of the digonic gonad during the nonspawning season (stage 7, June to September) (Fig. 2D) . During the prespawning season, the ovary regressed and the testes grew (stage 8, October to December) (Fig. 2E) . IHC staining revealed that only a few spermatogonia expressed Pcna in the testis during the spawning season (stage 5) (Fig.  2F ). Various stages of cysts (even with nonsynchronous development of male germ cells within a cyst) were observed in the testis (Fig. 2F) . Pcna signals were low or absent in the testis during the postspawning season (stage 6) ECTOPIC FEMALE GROWTH IS ARRESTED BY Amh SIGNALING (Fig. 2G) (Fig. 2H) . IHC staining of Pcna revealed that testicular tissue grew and spermatogenesis occurred again in the previously regressed testis during the prespawning season (stage 8) (Fig. 2I) , which became mature at the spawning season (stage 5) (Fig.  2F) . In the ovary, the Pcna signals were low or absent during the spawning season (stage 5) (Fig. 2J) . IHC staining of Pcna revealed that oogenesis and oocyte growth occurred while the testis regressed during the postspawning season (stage 6) (Fig. 2K) and nonspawning season (stage 7) (Fig.  2L) . Pcna signals were low or absent in the regressed ovary while the testis grew during the prespawning season (stage 8) (Fig. 2M) . Amh signals were low or absent in the mature testis (stage 5) (Fig. 2N ) and regressed testis (stage 6) (Fig.  2O) . However, Amh signals were slightly expressed in the testis while spermatogonia showed proliferative activity (Pcna positive) (Fig. 2L) during the nonspawning season (stage 7) (Fig. 2P) . In contrast, Amh signals were widely observed in the developing testis during the prespawning season (stage 8) (Fig. 2Q ).
Differential Expression of Amh in Synchronous and Nonsynchronous Testes
At stage 8, testicular tissue grew and became the dominant tissue of the digonic gonad in the previously regressed testis (type 1) (Fig. 3A) . However, in some cases, testis regeneration and ovary regression did not progress consistently because testis development began while the ovary was not yet regressed at stage 8 (type 2) (Fig. 3, B and C) . At stage 3, type 1 testicular tissue undergoing synchronous development included a small portion of type A spermatogonia (34.5% 6 0.5%) with a large portion of type B spermatogonia and a several cysts containing spermatocytes and sperm (Fig. 3D) . However, type 2 testicular tissues underwent synchronous development (type 2a) or nonsynchronous development (type 2b). Similar to type 1 testes, type 2a synchronous testicular tissue included a small portion of type A spermatogonia (30.1% 6 2.3%) with a large portion of type B spermatogonia and several cysts containing spermatocytes and sperm (Fig. 3E) . In contrast, type 2b nonsynchronous testicular tissues included a large portion of type A spermatogonia (67% 6 5.0%) with a small portion of type B spermatogonia and several cysts containing spermatocytes and sperm (Fig. 3F) .
Immunohistochemical staining of Amh revealed that Amh was slightly expressed in type 1 and type 2a synchronous testicular tissues (Fig. 3, G and H) . In contrast, Amh was highly expressed in type 2b nonsynchronous testicular tissues (Fig. 3I) . Western blot analysis (loaded with 15 lg/well) also revealed that the level of the 37-kDa secreted fragment of Amh was highly robust in the type 2b nonsynchronous testes compared with a very faint 37-kDa band in the type 2a synchronous testes (Fig. 3J) . Both type 2a and type 2b had a similar band of 62 kDa (Fig. 3J) . Furthermore, IF staining of Dmrt1 (Sertoli cell marker) and Amh confirmed that the Amh expression levels did not correlate to the amount of Sertoli cells (Fig. 3, K and L) . The Amh expression levels were low in the type 2a synchronous testes (Fig. 3K ) compared with type 2b nonsynchronous testes (Fig. 3L) . The ratios of type 2a synchronous testes to type 2b nonsynchronous testes for Sertoli cell numbers and relative Amh expression area were 10 417 6 2175 cells/mm 2 versus 13 125 6 2864 cells/mm 2 (n ¼ 3 fish, P . 0.05) and 1 6 0.09 versus 4.1 6 1.23 (n ¼ 3 fish, P , 0.05), respectively, according to our image calibration (Image-Pro Plus Version 7.0; Media Cybernetics, Inc.).
Number of Ectopic Oocytes Is Arrested in the Regenerated Testes
According to IHC staining of Pcna in samples from the 3-mo E2 treatment, we found that the ovarian tissue contained more highly proliferating cells compared to testicular tissue in the regressed testes (Fig. 4A) . Using IHC staining of the oocyte marker Figla, we observed ectopic oocytes in the testes in 7-mo-old fish (with 3-mo E2 treatment and then 2-mo termination) (Fig. 4B) . The numbers of ectopic oocytes were increased in the testes in 8-mo-old fish (3 mo after E2 termination) (Fig. 4C) , revealing that the oogonia can be highly proliferative during testis growth. However, the numbers of ectopic oocytes were limited in the testes at 6 mo after E2 termination (age, 11 mo) compared to the large portion of spermatozoa (Fig. 4D) .
Robust Appearance of Amh in the Ectopic OocyteBordering Area in the Regenerated Testes
Both male and female germ cells were observed in the regenerated testes (Fig. 5, A-C) . However, the expression of Amh occurred not only in the testis (spermatogoniabordering Sertoli cells) but also in the ovary (vitellogenic oocyte-surrounding follicle cells) (Fig. 1) . Therefore, we further examined the localization of Amh-expressing cells in the regenerated testes by IHC staining (Fig. 5) . To determine whether Amh expression occurs in the spermatogoniabordering Sertoli cells or ectopic oocyte-bordering somatic cells in the regenerated testes, we performed IHC staining for the Sertoli cell marker Dmrt1 (Fig. 5, A, D , and E), Amh (Fig. 5, B , F, and G), and the follicle cell marker Cyp19a1a (Fig. 5 . C, H, and I) in serial sections. Our results revealed Amh in the Sertoli cells (Dmrt1-positive and Cyp19a1a-negative) in the normal area of the testis (Fig. 5, A-C) . However, Amh expression was also robust in the ectopic oocyte-bordering areas when they were surrounded by follicle cells, but not by Sertoli cells (Fig. 5, D-I ). To further study the correlation between robust Amh expression and ectopic oocytes, we used IF labeling against Amh and Vasa. The data revealed that Amh had a highly variable pattern of expression in the regenerated testis (Fig. 5, J-N) . Limited Amh was observed in the normal area of the testes that did not contain ectopic oocytes (Fig. 5, J and K) . However, Amh displayed a robust expression in the spermatogonia-bordering area when it was close to ectopic oocytes (Fig. 5, J and L) . In contrast, no Amh was observed in the ectopic oocyte-bordering area when the oocytes were not close to spermatogonia (Fig. 5, M and N) . Furthermore, qPCR revealed that the testis-related genes dmrt1, amh, and cyp11b2 were down-regulated by E2 treatment (Supplemental Fig. S4A ). This result suggests that Amh is produced by Sertoli cells and that Amh expression could be reduced by endogenous E2 released from follicle cells. Taken together, our results suggest that Amh is secreted from Sertoli-like cells and that its expression may be induced by ectopic oocytes (an incorrect microenvironment).
Proliferation of Spermatogonia Is Arrested by Amh Signaling
After a 3-mo E2 termination (age, 8 mo), IHC staining revealed that Pcna expression was low or absent in some ectopic WU ET AL. Furthermore, based on the germ cell developmental stage, testicular tissue was divided into two forms: a synchronous testis with a large portion of type B spermatogonia, small portion of type A spermatogonia, and a few cysts of spermatocytes and sperm (D and E), and a nonsynchronous testis with a large portion of type A spermatogonia, small portion of type B spermatogonia, and a few cysts of spermatocytes and sperm (F). Amh immunostaining showed different expression patterns in synchronous (G and H) and nonsynchronous (I) testes. Extracts (15 lg protein/well) from testes were examined by Western blot analysis with an Amh-specific antibody (J). The first lane represents a sample from a synchronously developing testis (S) with a band at 62 kDa, and the second lane is from a nonsynchronously developing test9s (NS) with two bands at 62 and 37 kDa. IF staining for Amh and the Sertoli cell marker Dmrt1 revealed no correlation between Sertoli cell numbers and Amh expression in the synchronous (K) and nonsynchronous (L) testes. TT, testicular tissue; OT, ovarian tissue; CT, connective tissue; SGA, type A spermatogonia; SGB, type B spermatogonia; SC, spermatocyte. ECTOPIC FEMALE GROWTH IS ARRESTED BY Amh SIGNALING oocyte-bordering spermatogonia (Fig. 6, A and B) , while it was robustly expressed in spermatogonia in the normal testicular area (Fig. 6, A and C-F) . To elucidate the role of Amh in the regenerated testes, we used a short-term gonad tissue culture system to investigate the effect of Amh on germ cell proliferation. Using IHC and IF, we found higher numbers of type A spermatogonia with BrdU incorporation in the control group (Fig. 6, G and I ) compared to the rAmh-treated group (Fig. 6, H and J) . Our IHC results revealed that a reduced number (P , 0.05) of BrdU-labeled spermatogonia were present in the group treated with rAmh compared to untreated controls (Fig. 6K) . However, no difference was observed between the BrdU-labeling index of oogonia and early oocytes in the rAmhtreated and control groups (Fig. 6K) . These results indicate that Amh function is important for the maintenance of type A spermatogonia but not directly for oogonia proliferation. 
Amh Did Not Interfere with Oogonia Differentiation and Proliferation
To further study the correlation between robust Amh expression and ectopic oocytes, we used IF labeling against Amh, Vasa (germ cell marker), and Figla (oocyte marker) in serial sections. The data revealed that Amh was robustly expressed in the germ cell-bordering region when it was close to ectopic oocytes (Fig. 7A) . However, Pcna signals were only observed in the Figla-positive germ cells (putative oogonia) (Fig. 7, B and C) . In contrast, no Pcna signals were observed in the Figla-negative germ cells (spermatogonia) (Fig. 7, B and  D) . In addition, qPCR revealed that the oocyte marker (figla), follicle cell markers (foxl2 and cyp19a1a), and steroidogenesisrelated genes (star, cyp11a1, and hsd3b1) were not regulated by Amh signaling (Supplemental Fig. S4B ). Taken together, our results reveal that oogonia proliferation and differentiation are affected by Amh signaling. Furthermore, the results also elucidated various proliferative activities of ectopic oocytebordering germ cells. Amh signaling only arrests the spermatogonia proliferation, not the oogonia proliferation.
DISCUSSION
The present study focused on how a regenerated testis inhibits ectopic oocytes from creating a female gonad and thereby maintains male function. We suggest here that testes may inhibit ectopic female growth through Amh signaling in the protandrous black porgy.
Generation of Ectopic Female Germ Cells in Testicular Tissue
We observed no ectopic oocytes in the regenerated testes during the second reproductive cycle. In contrast, ectopic oocytes were broadly distributed in the regenerated testes after FIG. 6 . Biological activity of rAmh in the testis and ovary. Pcna IHC analysis in the regenerated testes 3 mo after E2 termination is shown (A-F). Highmagnification images of A show that those germ cells have a dimorphic Pcna expression (B and C). Pcna was not expressed in the germ cells in the ectopic oocyte-bordering region (B), in contrast to the normal area with Pcna-positive expression (C). However, high-magnification images of D show that those germ cells have a similar Pcna-positive expression (E and F). To elucidate the results, an in vivo gonad culture system was used. Testes and ovaries were collected from male fish at stage 3 (age, 7 mo; actively developing testes with type A and type B spermatogonia) and stage 6 (age, 15 mo; actively developing ovary with oogonia and primary oocytes), respectively. We incubated active testicular (n ¼ 8 tissue repeats in each group) and active ovarian (n ¼ 8 tissue repeats in each group) tissues from black porgy for 4 days in basal culture medium in the presence or absence of rAmh (8 lg/ml), and the medium was refreshed at Day 3. The tissues were incubated with BrdU (60 lg/ml). Based on BrdU IHC staining (G and H), early germ cells (spermatogonia in testis and oogonia in ovary) proliferation in gonadal tissue was detected by the presence of BrdU incorporation. IHC (for Pcna staining) and IF (for Amh staining) were conducted with triplicate sections. To confirm the IHC results, IF staining of BrdU and the germ cell marker Vasa were used to check the tendency of germ cell proliferation in the presence (I) or absence (J) of rAmh. Cellular proliferation is defined as BrdU-positive early germ cells (spermatogonia or oogonia)/total early germ cells (spermatogonia or oogonia). We only counted the number of early germ cells (spermatogonia in testis and oogonia in ovary) based on histological characteristics (see Supplemental Fig. S3 ). The percentage activity of early germ cells was quantified based on the BrdU labeling index in testicular tissue and ovarian tissue in the absence or presence of rAmh (K). The value in K is expressed as the mean 6 SEM (n ¼ 8 tissue repeats). Solid arrowhead indicates Pcna-negative early germ cells. Hollow arrowhead indicates BrdU-incorporated spermatogonia. Asterisk indicates significant difference between the control and rAmh-treated groups (P , 0.05). TT, testicular tissue; OT, ovarian tissue.
ECTOPIC FEMALE GROWTH IS ARRESTED BY Amh SIGNALING E2 termination. In protandrous black porgy younger than 2 yr, the plasma estrogen levels remained low, and no differences were observed between the male phase (when the testes were dominant) and female phase (when the ovary was dominant) [28] . Plasma estrogen was significantly increased during the prespawning season when fish change from male to female in the third reproductive cycle [28] . However, in black porgy younger than 2 yr, E2-induced female development was maintained during E2 treatment, and then the sex was reversed from female to male after E2 termination [23, 29] . Estrogens have long been considered important for female sexual differentiation in noneutherian vertebrates [5] . In addition, in gonochoristic fish, high estrogen levels resulted in the appearance of ectopic oocytes in adult testes [6] , and low estrogen levels resulted in ectopic male germ cells in adult ovaries [7] . In hermaphroditic fish, high plasma estrogen levels are considered important for female fate maintenance (protogyny) and the male-to-female sex change (protandry) [8, 28] . However, in protandrous fish, the development of male germ cells is preceded and followed by ovarian development [30, 31] . In addition, both E2 stimulation, performed by feeding E2 to black porgy younger than 1 yr, and E2 depletion, induced by feeding with an aromatase inhibitor, can induce a male-tofemale sex change [25] . Our previous study also revealed that the reduction of plasma estrogen to levels similar to those in normal maleness was observed in the E2-terminated fish during testes regeneration [25] . We suggest that the regeneration of ectopic oocytes in the testes is not related to high levels of endogenous estrogen in protandrous black porgy.
Proliferation of Oogonia Is Arrested Even When Oocytes Create an Appropriate Microenvironment
Both the present and previous work have shown that in black porgy, ectopic oocytes in regenerated testes can alter the sexual fate of somatic cells from male to female [24] . The results reveal that ectopic oocytes can create an ovarian environment appropriate for follicle cell differentiation. We observe that the limited number of ectopic oocytes was constrained in the regenerated testes. The present study further showed that early germ cell proliferation was arrested in the ectopic oocyte-bordering area. In addition, the absence of germ cells does not interfere with gonadal differentiation in either sex in black porgy [26] . Similar to our data, previous work demonstrated that loach fish [32] and goldfish [33] , both of which lack germ cells, can develop as either the female or male phenotypic sex. In contrast, germ cell-deficient fish usually develop as phenotypic males in medaka [10] and zebrafish [11] . In mammals, oocyte-depleted follicle cells subsequently acquire the morphological and genetic characteristics of Sertoli cells [34] . In protogynous wrasse fish, oocyte-depleted follicle cells alter the sexual fate during the female-to-male sex change [9] . These data suggest that the mechanism for reprogramming the cells surrounding the oocytes varies among species. Our previous work demonstrated that ectopic oocytes can create an appropriate female environment from male soma cells to female soma cells in black porgy [24] .
Amh Inhibits the Proliferation of Mitotically Active Germ Cells While Testes Face a Female Microenvironment
The present study reveals that Amh is robustly expressed in the nonsynchronously developed testes with the molecular weight of 62 kDa (uncleaved form) or 37 kDa (cleaved form); these testes contain many type A spermatogonia with few cysts of advanced germ cells, compared with less Amh expression in the synchronous testes. Furthermore, our data revealed that the enzyme-cleaved, 37-kDa secreted form of Amh is more highly expressed in the nonsynchronous testes than in the synchronously developed testes. Interestingly, we also noted a robust expression of enzyme-cleaved Amh (with a 37-kDa monomer) in the ectopic oocyte-bordering area in the testes. In zebrafish, in vitro testes cultures showed that plasmin-cleaved Amh (32-kDa fragment monomer), but not the uncleaved protein (58.7 kDa), inhibited gonadotropin-stimulated androgen production [21] . Moreover, plasmin-cleaved Amh inhibited the androgenstimulated proliferation and differentiation of type A spermatogonia in zebrafish [21] . Taken together, our data suggest that the synthesis, secretion, and action of Amh are similar between testes with nonsynchronous development and ectopic oocytes in the wrong microenvironment (i.e., ectopic oocytes in regenerated testes).
The present study also reveals that Amh is expressed in Sertoli cells with type A spermatogonia, which is consistent with the results of our previous in situ hybridization study [18] . Our in vitro experiments also revealed that Amh inhibits type A spermatogonia proliferation but not oogonia proliferation. By in situ hybridization, we previously found that amhr2 was only expressed in the Sertoli cells, not in oocytes, in black porgy [18] . Similarly, in medaka and zebrafish, amh/Amh and its receptor amhr2 were expressed in Sertoli cells and follicle cells [17, 21] . Amh regulates spermatogenesis and the proliferation of type A spermatogonia [17, 21] . The loss of Amh signaling in the hotei amhr2 mutant results in germ cell hyperproliferation [16, 17] . Conversely, in medaka, Amh signaling regulates the proliferation of mitotically active, self-renewing female germ cells [17] . These results reveal that Amh signaling may have a conserved role in the control of gametogenesis, including the renewal of undifferentiated germ cells and the further differentiation of differentiated germ cells. Furthermore, only wild-type male donor-derived germ cells underwent oogoniatype division with oocyte differentiation in hotei amhr2 (soma) mutant XY medaka [17] . Additionally, XY hotei amhr2 mutant germ cells underwent spermatogonia-like division in XY wildtype gonad [17] . Taken together, these results demonstrate that Amh signaling may inhibit (via an indirect pathway) type A spermatogonia proliferation.
Amh May Inhibit Gametogenesis Related to the PituitaryGonad Axis
Our present data reveal robust Amh expression in the ectopic oocyte-bordering area, and this Amh may be released by ectopic oocyte-bordering Sertoli cells. Based on the unique expression patterns of Amh in the regenerated testes (robust Amh in the ectopic oocyte-and spermatogonia-bordering regions), it is important to understand the possible effects of Amh expression on the inhibition of early germ cell proliferation in the female microenvironment.
Aside from the regulation of early germ cells proliferation, a suppressive role for amh on gonadotropin-stimulated steroidogenesis in the testis has been previously found in black porgy [18] , zebrafish [21] , and Japanese sea bass [35] . In contrast, AMH/AMH signaling did not regulate steroidogenesis in the ovaries of mammals [36] and black porgy (present study). In fish, amh expression in Sertoli cells was progressively increased during puberty in zebrafish [21] and black porgy [18] . However, Amh decreased Fsh-stimulated androgen production and inhibited 11-ketotestosterone-induced spermatogenesis in zebrafish [21] . Conversely, the expression levels of amh were down-regulated by estrogen during early gonadal development in fish, including zebrafish [37] , tilapia [38] , rainbow trout [39] , pejerrey [40] , Atlantic cod [41] , and black porgy [18] . Taken together, these data demonstrate that Amh has local effects on early germ cell proliferation and that Amh may also modify the signaling of gametogenesis through the pituitary-gonad axis.
Tug-of-War of Sexual Development in Ovotestes
The establishment of the artificial ovotestes for ectopic oocytes and the reprogramming of the surrounding soma cell will allow clarification of the potential evolutionary transition from gonochorism to protogynous hermaphroditism. Here, we showed that high Amh expressed and released by Sertoli cells is distributed in the ectopic oocyte-bordering area (Fig. 5) and results in the inhibition of proliferation of mitotically active early germ cells (Fig. 6) . Robust Amh expression in nonsynchronous testes in comparison to synchronous testes (Fig. 3 ) may block the recruitment of new type A spermatogonia for further spermatogenesis. According to the data on the inhibition of the proliferation of type A spermatogonia (Fig. 6) , we suggest that the robust Amh expression and accumulation around ectopic oocytes may inhibit the type A spermatogonia from further development. Our data further indicate that Amharrested type A spermatogonia likely may act as a physical boundary to block intercellular communication. This physical boundary may prevent the ectopic oocytes created in a female microenvironment (alteration of the oocyte-surrounding cells from Sertoli cells to follicle cells) to alter the sexual fate of ectopic oocyte-bordering Sertoli cells and further inhibit ectopic female growth (Fig. 8) . Previous reports indicated that the spatial range of a diffusible signal can be reduced to one or two cell distances in a tissue culture environment, compared to 150-600 cell distances in a cell culture environment [42, 43] . These data revealed that crowded cell distribution reduced the spread area of diffusible signals. Thus, these studies also support our suggestion that the arrested spermatogonia (similar to crowded cell distribution and no response to a femalereleasing signaling) may act as a physical boundary to prevent the transport of oocyte-releasing factors as shown in Figure 8 .
We suggest that Amh may act in an indirect manner to inhibit ovarian growth (no amhr2 expression in oogonia, oocytes, and follicle cells and no Amh suppression of the oogonia proliferation activity) by decreasing the proliferation and development of early germ cells (including type A spermatogonia germline stem cells and others). Therefore, the black porgy testes may prevent ectopic ovarian growth and allow the fish to maintain in the male function by Amh signaling (Fig. 8) . Our previous study demonstrated that the removal of testicular tissue could result in the further development of ovarian tissue and then a sex change [23] . Taken together, these data consistently indicate that testicular tissue plays important roles in the control of the male-to-female sex change in black porgy.
Evolutionary Transition of Sex Change in Fish
Our new findings also suggest that in the male, Amh (released from Sertoli cells) and the testicular environment (Amh-arrested spermatogonia) may prohibit the growth of the . This female microenvironment is confined to a small area of testicular tissue. We suggest that robust Amh released by ectopic oocytebordering Sertoli cells may suppress the proliferative activities of type A spermatogonia. Therefore, proliferation-arrested type A spermatogonia may act as a physical boundary to prevent the factors released by an ectopic oocyte-created female microenvironment to interfere with further ovarian development.
ECTOPIC FEMALE GROWTH IS ARRESTED BY Amh SIGNALING ovary-like region to become a stable ovotestis (a mix of male and female germ cells in a gonad) and then later proceed to become a full ovary. Our data further suggest that a sex change from male to female is evolutionarily difficult to occur. Therefore, in syngonic hermaphrodites, a male-to-female sex change is much less likely to occur in natural evolutionary selection compared to a female-to-male sex change. Our data explain why protogyny is more abundant than protandry in hermaphrodites [44] , especially in syngonic species, which are those carrying a gonad with mixed female and male germ cells, also called an unlimited type.
We demonstrate that Amh signaling decreases the proliferation of type A spermatogonia during spermatogenesis. The data indicate that robust Amh may inhibit ectopic female expansion in regenerated testes. Our data support the idea that the male regulatory pathway is dominant and useful for the suppression of female development. This functional study might explain why the major portion of extent syngonic fish is protogynous and not protandrous.
